Axonal guidance is key to the formation of neuronal circuitry. Semaphorin 3A (Sema 3A; previously known as semaphorin III, semaphorin D, and collapsin-1), a secreted subtype of the semaphorin family, is an important axonal guidance molecule in vitro and in vivo. The molecular mechanisms of the repellent activity of semaphorins are, however, poorly understood. We have now found that the secreted semaphorins contain a short sequence of high homology to hanatoxin, a tarantula K ؉ and Ca 2؉ ion channel blocker. Point mutations in the hanatoxin-like sequence of Sema 3A reduce its capacity to repel embryonic dorsal root ganglion axons. Sema 3A growth cone collapse activity is inhibited by hanatoxin, general Ca 2؉ channel blockers, a reduction in extracellular or intracellular Ca 2؉ , and a calmodulin inhibitor, but not by K ؉ channel blockers. Our data support an important role for Ca 2؉ in mediating the Sema 3A response and suggest that Sema 3A may produce its effects by causing the opening of Ca 2؉ channels.
T he semaphorins are a large family of secreted and membrane-bound proteins that have multiple and diverse functions, including a contribution to axon guidance during development of the nervous system (1) . Semaphorin 3A (Sema 3A), a secreted semaphorin expressed in vertebrates, repels sensory neurons by inducing collapse of their axonal growth cones (2, 3) . Sema 3A knockout mice, mRNA expression studies, and coculture experiments suggest that its expression results in an exclusion zone for responsive axons and that this guides them in an orderly way to their topographically correct targets (4) (5) (6) (7) (8) (9) .
The molecular mechanisms by which semaphorins transduce their signal are not well understood. Sema 3A binds to neuropilin 1, a membrane-bound molecule expressed on many neuronal cell types, which is necessary for its repulsion activity (10) (11) (12) . The cytoplasmic domain of neuropilin 1 is, however, very short, contains no obvious homology to other signaling motifs, and is not necessary for Sema 3A activity (13) . Therefore, it has been suggested that the Sema 3A receptor includes another, as of yet unknown, transmembrane signaling component (13, 14) . The second messenger systems involved in the mediation of Sema 3A activity are also not well characterized, although recent work has indicated that both the small GTP-binding protein rac 1 and the cGMP pathway may mediate Sema 3A activity (15) (16) (17) . Activation of the cGMP pathway in rat sensory growth cones inhibits Sema 3A-induced collapse, while Sema 3A-mediated repulsion of Xenopus spinal cord neurons can be converted to attraction by activation of the cGMP pathway (17) .
We have now set out to investigate the molecular basis for the growth cone collapse activity of Sema 3A.
BAPTA acetoxymethyl ester (BAPTA-AM), the DRG explants were preincubated at room temperature for 30 min, washed once, and incubated for another 30 min at 37°C before the addition of Sema 3A or control-conditioned medium. CoCl 2 , CdCl 2 , and thrombin were obtained from Sigma; BAPTA and BAPTA-AM were obtained from Molecular Probes; calmidazolium chloride was obtained from Calbiochem; hanatoxin, purified from Phrixotrichus spatulata venom, was generously provided by Kenton J. Swartz (Molecular Physiology and Biophysics Unit, National Institutes of Health, Bethesda, MD).
Data Analysis. Values represent means Ϯ SEM. Paired t test, t test, and one-way ANOVA were utilized to compare different treatment groups as indicated. P Յ 0.05 was considered significant.
Results
Using primary sequence alignment of the semaphorin genes, we have identified a domain with a sequence homology to hanatoxin, a short peptide tarantula toxin that selectively blocks some voltage-gated K ϩ and Ca 2ϩ channels (21, 22) . The hanatoxin-like sequence (HTLS) is found in the semaphorin domain of all chicken and mammal secreted semaphorins ( Fig. 1 B and C) . The similarity between semaphorin and hanatoxin lies in two short subdomains, with a small gap between them. Sema 3A and Sema3D show highest homology to hanatoxin (Fig. 1B) . Other secreted semaphorins are slightly less homologous (Fig. 1C) . All membrane-bound semaphorins are significantly less homologous to hanatoxin, with only one subdomain of the HTLS (Fig. 1D) .
Based on the presence of an HTLS in secreted semaphorins, we hypothesized that the secreted semaphorins may produce repulsion of neuronal growth cones by an interaction with a voltage-gated K ϩ or Ca 2ϩ channel. To begin testing this hypothesis, we mutated a number of conserved amino acids in one subdomain of the HTLS of Sema 3A to alanine ( Fig. 2A) . The two mutations generated were RDPYCAWD to AAPYCAWD (RD) and RDPYCAWD to RDPACAAA (YWD). Each of the mutants, as well as wild-type Sema 3A, was transfected into COS-7 cells and tested for its capacity to repel axonal outgrowth by coculturing it for 40 hr with an embryonic (E13.5) mouse explant DRG. DRG axons were repelled from COS-7 cells transfected with wild-type Sema 3A (Fig. 2B) . In contrast, COS-7 cells transfected with RD or YWD mutants had only very weak repellent effects on DRG axons, which grew in close proximity to the transfected COS cells (Fig. 2B ). The degree of activity retained by the RD mutant was further tested in a growth cone collapse assay, which measures the immediate effects of Sema 3A on growth cone morphology. This mutant was 35.9-fold less potent than the wild-type Sema 3A (EC 50 values 0.047 Ϯ 0.003 nM and 1.69 Ϯ 0.54 nM for wild-type and mutant proteins, respectively, n ϭ 4) (Fig. 2C) , and never, even at high doses, produced the level of collapse generated by the wild-type protein.
Sema 3A contains two neuropilin 1 binding sites, one in the C domain and the other in the sema domain (amino acids 25-585) (10) . A truncated sema domain (amino acids 25-526) has been shown not to exhibit neuropilin 1 binding (10) . Because the HTLS is nearby (amino acids 522-538), mutations may impair binding to neuropilin 1 through local or global conformational changes. To test whether a mutation of the HTLS region of Sema 3A altered binding to neuropilin 1, we compared binding of the RD mutant and wild-type Sema 3A to neuropilin 1-expressing cells by using AP tag constructs. Both Sema 3A and the mutant RD, however, did bind to neuropilin 1 with similar affinities (K d ϭ 218.9 Ϯ 27.9 pM and 418.5 Ϯ 98.3 pM for Sema 3A and RD; n ϭ 8, respectively, P ϭ 0.0673, paired t test) (Fig. 3) . We conclude that the HTLS is likely to play a role in the functional activity of Sema 3A, independent of neuropilin 1 binding.
Because hanatoxin is a voltage-gated K ϩ or Ca 2ϩ channel blocker and mutation of the HTLS reduces Sema 3A activity, we addressed the question whether Sema 3A acts through K ϩ or Ca 2ϩ ion channel blockade or activation. To test this, we investigated whether K ϩ and Ca 2ϩ ion channel blockers can mimic or inhibit the growth cone collapse caused by Sema 3A. The K ϩ channel blockers tetraethylammonium (up to 30 mM) and 4-aminopyridine (up to 10 mM) neither induced growth cone collapse by themselves nor modified Sema 3A-induced growth cone collapse. A similar lack of activity was found for a number of specific K ϩ ion channel toxins [apamin (130 nM), charybdotoxin (100 nM), ␣-dendrotoxin (100 nM), iberiotoxin (10 M), kaliotoxin (10 M), margatoxin (1 M), stichodactyla toxin (0.5 M), and tityustoxin K␣ (5 M)].
The general Ca 2ϩ channel blocker cobalt (CoCl 2 , 2 mM) by itself also did not affect DRG growth cones (Fig. 4 C and E) . However, when incubated in the presence of Sema 3A, CoCl 2 inhibited Sema 3A action on DRG growth cones by 87.8% (n ϭ 12, P Ͻ 0.0001 one-way ANOVA; Fig. 4 D and E) . Another general Ca 2ϩ channel blocker, cadmium (CdCl 2 , 200 M), while having an effect on growth cone morphology (reduction in surface area) by itself, when combined with Sema 3A, inhibited growth cone collapse by 81.2% at concentrations of 200 M (n ϭ 8, P Ͻ 0.0001 one-way ANOVA; Fig. 4E ). In addition, we tested several specific Ca 2ϩ channel blockers. The activity of Sema 3A was not blocked by 7 M nifedipine (L-type Ca 2ϩ channel), 3 M -conotoxin GVIA (N-type Ca 2ϩ channel), or 0.3 M -agatoxin (P-͞Q-type Ca 2ϩ channel) (data not shown). Finally, we tested the effects of hanatoxin. Sema 3A activity in the presence of hanatoxin (10 M) was reduced by 23.2% (n ϭ 12, P Ͻ 0.0086 one-way ANOVA; Fig. 4E ). At this dose, hanatoxin had no effect on DRG growth cones. The limited availability of hanatoxin prevented any testing of higher concentrations.
To test whether extracellular Ca 2ϩ blockers inhibit DRG growth cone collapse nonspecifically, we tested the effect of cobalt on another molecule capable of inducing growth cone collapse. Thrombin, a G protein-dependent collapsing factor (23), induced collapse activity in E13.5 DRG axons. In contrast to Sema 3A-induced growth cone collapse, however, cobalt did not, at a dose effective for Sema 3A, block the collapse induced by thrombin (n ϭ 8, P ϭ 0.214, t test; Fig. 4E ).
The role of Ca 2ϩ on the activity of Sema 3A was further characterized by reducing the extracellular concentration of Ca 2ϩ with the Ca 2ϩ chelator BAPTA (1 mM). The calculated Ca 2ϩ concentration in the medium after BAPTA treatment was about 50 nM, similar to the resting intracellular concentrations in rodent growth cones (24, 25) . While BAPTA itself caused a small increase in growth cone collapse (15%), compared with control ( Fig. 4E) it completely blocked the growth cone collapsing activity of Sema 3A (Fig. 4E) . By using the indicator fluo-3, we were unable to detect consistent change in cytosolic Ca 2ϩ in growth cones on exposure to Sema 3A (data not shown). This result, as with another calcium-dependent axon-guidance cue netrin, and the inositol 1,4,5-trisphosphate (IP3) receptor, is likely to result from technical difficulties related to the low amount of dye in the small volume of the growth cone and the localized nature of Ca 2ϩ flux (26, 27) .
Intracellular Ca 2ϩ ([Ca 2ϩ ] i ) manipulations also modified Sema 3A activity. Preloading DRG explants with BAPTA-AM at a dose of 2 M did not change growth cone morphology, but reduced Sema 3A induced growth cone collapse by 38.8% (n ϭ 9, P Ͻ 0.0001, one-way ANOVA; Fig. 4F ). Ca 2ϩ influx into growth cones triggered by Sema 3A could activate numerous target proteins such as Ca 2ϩ ͞calmodulin, a major [Ca 2ϩ ] i receptor abundant in growth cones (28) . Pretreatment of DRG explants with the calmodulin inhibitor calmidazolium chloride at 0.08 M reduced the Sema 3A-induced growth cone collapse by 33.6% (n ϭ 12, P Ͻ 0.0001 one-way ANOVA; Fig. 4F ). Because higher doses of BAPTA-AM and calmidazolium chloride induced growth cone collapse, an analysis of whether a complete inhibition of Sema 3A's action could be achieved by a greater [Ca 2ϩ ] i block could not be performed.
To exclude the possibility that the blocking effects of Sema 3A by heavy metals is simply the result of a dependence of Sema 3A binding to neuropilin 1 on a Ca 2ϩ -dependent protein-protein interaction, we tested the effects of these reagents on Sema 3A neuropilin binding. The calculated K d for Sema 3A-AP binding is 187.0 Ϯ 55.7 pM (n ϭ 6). In the presence of CoCl 2 (2 mM) or CdCl 2 (200 M), the calculated K d for Sema 3A-AP binding is 258.7 Ϯ 80.8 pM (n ϭ 6) and 222.0 Ϯ 88.4 pM (n ϭ 6), respectively. Both CoCl 2 and CdCl 2 had no significant effect on Sema 3A͞neuropilin 1 binding properties (P ϭ 0.438 and 0.563 for CoCl 2 and CdCl 2 , respectively; paired t test; Fig. 4G ).
Discussion
Our data suggest that a rise in [Ca 2ϩ ] i mediated by means of a membrane-bound Ca 2ϩ channel is a key step in producing Sema 3A-induced collapse of mouse sensory neurons growth cones, because a reduction of extracellular Ca 2ϩ , a blockade of Ca 2ϩ channels, a reduction of [Ca 2ϩ ] i , and an inhibition of Ca 2ϩ ͞cal-modulin activity all result in a decrease of Sema 3A activity. In contrast to our findings, the repulsion response of Xenopus spinal cord neurons to Sema 3A has been reported to be Ca 2ϩ -independent (17) . There are several explanations for this apparent contradiction. The first is differences in extracellular Ca 2ϩ levels in the two experiments. We reduced the Ca 2ϩ levels to a degree where no extracellular͞intracellular gradient exists across the growth cone membrane. In contrast, in the Xenopus experiments, there was a 10-to 20-fold higher concentration of extracellular than intracellular Ca 2ϩ (1 M extracellular concentration). Although the actions of a number of guidance molecules (netrin 1, MAG, BDNF) are blocked when Ca 2ϩ concentrations are reduced to 1 M, that of Sema 3A may not be (26, 29) . Second, the response of Xenopus spinal cord neurons to Sema 3A does not involve growth cone collapse, but rather a change in growth direction, which may involve a different signal transduction pathway (17) .
The binding of Sema 3A to neuropilin 1 has been shown to be necessary for its collapse activity, but data from multiple experiments suggest that it is not sufficient and that another membrane protein is likely to be involved in the signal transduction triggered by Sema 3A binding (14) . The identity of the putative Sema 3A coreceptor is not yet known. Our data suggest that the opening of Ca 2ϩ channels in the membrane is required for the growth-arresting activity of Sema 3A. This may occur indirectly, either through an activation of a second messenger cascade that acts on such Ca 2ϩ channels or secondary to a change in membrane potential mediated by closing K ϩ or opening Na ϩ channels. Alternatively, it is possible that Sema 3A interacts directly with an ion channel when it binds to neuropilin, possibly by the binding of its hanatoxin-like region to the channel. The fact that hanatoxin partially blocks the action of Sema 3A rather than mimicking it suggests that hanatoxin has an action opposite to the hanatoxin-like domain in Sema 3A. How could this be? Hanatoxin is a channel blocker that does not block the pore site but binds to the voltage sensor unit of the channel (22) . Toxins binding to voltage sensors in voltage-gated ion channels can either block activation (e.g., hanatoxin on K ϩ and Ca 2ϩ channels) or slow inactivation (e.g., ␣ scorpion toxin on Na ϩ channels) (22, (30) (31) (32) . Interestingly, hanatoxin itself can, after point mutations to the hanatoxin-binding site of K ϩ channels, act as a channel opener rather than blocker (Kenton J. Swartz, personal communication). It is therefore possible that the binding of Sema 3A and hanatoxin to the same site on a channel may result in opposite effects.
Ca 2ϩ has been shown in many studies to be a major mediator of axonal growth and guidance (33) . A reduction of extracellular Ca 2ϩ concentration increases the rate of axonal growth, while an increase in growth cone Ca 2ϩ concentration ([Ca 2ϩ ] i ) leads to growth cone collapse or paralysis (17, 24, 34) . A recent in vivo study has shown that [Ca 2ϩ ] i in the growth cone has a key role in regulating its motility (35) . Transient elevations of growth cone Ca 2ϩ slow rapid axonal growth, while suppressing Ca 2ϩ transients accelerates axon extension (35) . Furthermore, growth cone stalling and axon retraction are associated with high frequencies of Ca 2ϩ transients (35) . Our data that Ca 2ϩ is required for Sema 3A collapse activity are consistent, therefore, with current findings on the role of Ca 2ϩ in growth cone motility. However, Ca 2ϩ channels are not always necessary for repulsion, as we show for thrombin and as has also been shown for chondroitin sulfate proteoglycan (36) . In addition, a role for Ca 2ϩ influx and subsequent calmodulin activation could be consistent with earlier findings that an elevation in cGMP inhibits Sema 3A growth cone collapse (17) . An activation of Ca 2ϩ ͞calmodulin-dependent cGMP phosphodiesterase activity on calcium influx will lead to a decrease in cGMP levels, and this may contribute to growth cone collapse.
The type of Ca 2ϩ channel involved in mediating the influx triggered directly or indirectly by Sema 3A is not known. The inability of the specific Ca 2ϩ channel blockers to inhibit the activity of Sema 3A has several different explanations. It is possible that the Ca 2ϩ channel involved in Sema 3A activity is not sensitive to these inhibitors. Interestingly, spontaneous Ca 2ϩ spiking in DRG growth cone is also inhibited by general blockers (i.e., Ni 2ϩ , La channel. An alternative explanation may be the ability of Sema 3A to act through more than one type of Ca 2ϩ channel. Interestingly, hanatoxin also shows low ion channel specificity, probably as a result of its action on the voltage sensor site (22) . If the homology of Sema 3A and hanatoxin reflects a common functional action on voltage sensor, it suggests that Sema 3A may also possess a similar low specificity for Ca 2ϩ channels. The structure-function relationships of different regions of Sema 3A have been previously analyzed. The sema domain has been shown to be necessary, and when dimerized, it is sufficient for activity (37) . This domain has also been shown to bind neuropilin 1, but the sequence responsible for the binding is not yet identified (10) . Our results show that amino acids within the HTLS region (amino acids 522-538) are essential for Sema 3A's repellent activity. Because all secreted semaphorins include this sequence, we propose that the activity of all secreted semaphorins is likely to be mediated through a single common pathway. This activity may be mediated by interaction of the HTLS region with a common membrane-bound protein, while other sequences in the sema domain may enable different semaphorins to interact only with particular subtypes of neurons. In other words, the sema domain may have a common functional region and different specificity regions. Consistent with this possibility is the finding that when a 70-aa (amino acids 166-235) stretch from cSema3D (which normally has no collapse effect on DRG neurons) was replaced by the homologous 70 amino acids from cSema 3A, the chimera protein was able to induce DRG growth cone collapse (37) . These amino acids may be responsible for the interaction between different secreted semaphorins and their appropriate targets, whereas the HTLS region may be responsible for the activation of the repellent signal.
